Sea level rise and changes in precipitation can cause saltwater intrusion into historically freshwater wetlands, leading to shifts in microbial metabolism that alter greenhouse gas emissions and soil carbon sequestration. Saltwater intrusion modifies soil physicochemistry and can immediately affect microbial metabolism, but further alterations to biogeochemical processing can occur over time as microbial communities adapt to the changed environmental conditions. To assess temporal changes in microbial community composition and biogeochemical activity due to saltwater intrusion, soil cores were transplanted from a tidal freshwater marsh to a downstream mesohaline marsh and periodically sampled over 1 year. This experimental saltwater intrusion produced immediate changes in carbon mineralization rates, whereas shifts in the community composition developed more gradually. Salinity affected the composition of the prokaryotic community but did not exert a strong influence on the community composition of fungi. After only 1 week of saltwater exposure, carbon dioxide production doubled and methane production decreased by three orders of magnitude. By 1 month, carbon dioxide production in the transplant was comparable to the saltwater controls. Over time, we observed a partial recovery in methane production which strongly correlated with an increase in the relative abundance of three orders of hydrogenotrophic methanogens. Taken together, our results suggest that ecosystem responses to saltwater intrusion are dynamic over time as complex interactions develop between microbial communities and the soil organic carbon pool. The gradual changes in microbial community structure we observed suggest that previously freshwater wetlands may not experience an equilibration of ecosystem function until long after initial saltwater intrusion. Our results suggest that during this transitional period, likely lasting years to decades, these ecosystems may exhibit enhanced greenhouse gas production through greater soil respiration and continued methanogenesis.
microbial community composition and biogeochemical activity due to saltwater intrusion, soil cores were transplanted from a tidal freshwater marsh to a downstream mesohaline marsh and periodically sampled over 1 year. This experimental saltwater intrusion produced immediate changes in carbon mineralization rates, whereas shifts in the community composition developed more gradually. Salinity affected the composition of the prokaryotic community but did not exert a strong influence on the community composition of fungi. After only 1 week of saltwater exposure, carbon dioxide production doubled and methane production decreased by three orders of magnitude. By 1 month, carbon dioxide production in the transplant was comparable to the saltwater controls. Over time, we observed a partial recovery in methane production which strongly correlated with an increase in the relative abundance of three orders of hydrogenotrophic methanogens. Taken together, our results suggest that ecosystem responses to saltwater intrusion are dynamic over time as complex interactions develop between microbial communities and the soil organic carbon pool. The gradual changes in microbial community structure we observed suggest that previously freshwater wetlands may not experience an equilibration of ecosystem function until long after initial saltwater intrusion. Our results suggest that during this transitional period, likely lasting years to decades, these ecosystems may exhibit enhanced greenhouse gas production through greater soil respiration and continued methanogenesis.
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| INTRODUCTION
Tidal freshwater wetlands are dynamic ecosystems located at the interface of terrestrial and coastal landscapes. Although wetlands comprise only a small portion of global landmass, they sequester a disproportionally large amount of organic carbon due to their high primary productivity and the slow rates of decomposition (Bernal & Mitsch, 2012; Mcleod et al., 2011) . As sea level continues to rise at an accelerated rate (Church et al., 2013) , tidal freshwater wetlands are becoming more susceptible to saltwater intrusion, which may decrease the extent to which these ecosystems sequester carbon (Craft et al., 2009; Herbert et al., 2015) by affecting both plant (Li & Pennings, 2018; Nielsen, Brock, Rees, & Baldwin, 2003) and microbial communities (Morrissey, Gillespie, Morina, & Franklin, 2014; Peng, Wegner, & Liesack, 2017) .
Prior investigations into the effects of saltwater intrusion on wetland biogeochemistry have focused predominately on the terminal steps in anaerobic carbon degradation, comparing methanogenesis and sulfate reduction (e.g., see Weston, Dixon, & Joye, 2006; Weston, Vile, Neubauer, & Velinsky, 2011 , Chambers, Osborne, & Reddy, 2013 . Methanogenesis is more common in freshwater environments, because of the limited availability of terminal electron acceptors, whereas sulfate reduction is more common in saline systems (Megonigal & Neubauer, 2009; Poffenbarger, Needelman, & Megonigal, 2011) . When freshwater systems experience saltwater intrusion, microorganisms that are capable of reducing sulfate are hypothesized to grow fast and outcompete methanogens. This occurs because sulfate reduction is an energetically more favorable process that methanogenesis (Capone & Kiene, 1988) , and this shift in metabolism is hypothesized to stimulate total carbon mineralization following wetland salinization events (Craft et al., 2009; Herbert et al., 2015; Weston et al., 2011) . However, prior studies on the effect of elevated salinity on carbon mineralization have yielded contrasting results, especially in regard to the magnitude of changes in CO 2 emission (e.g., see Sutton-Grier, Keller, Koch, Gilmour, & Megonigal, 2011; Weston et al., 2011; van Dijk et al., 2015) . Since ecosystem process rates can be affected by microbial community composition (Reed & Martiny, 2013; Allison et al. 2013) , differences in microbial biodiversity and successional dynamics following salinization could underlie these seemingly inconsistent results.
Salinity is a major driver of microbial biodiversity in both soil and aquatic ecosystems. Community composition covaries with salinity across natural gradients (Bouvier & del Giorgio, 2002; Herlemann et al., 2011; Zhang et al., 2013) and in response to experimental manipulation (Baldwin, Rees, Mitchell, Watson, & Williams, 2006; Edmonds, Weston, Joye, Mou, & Moran, 2009; Nelson, Streten, Gibb, & Chariton, 2015) . While valuable, past studies have used field surveys that consider salinity gradients as space-for-time substitutions to study prolonged exposure (Morrissey, Gillespie, et al., 2014; Zhang et al., 2013) or used relatively short-term experimental manipulations (hours to months, e.g., see Baldwin et al., 2006; Edmonds et al., 2009; Jackson & Vallaire, 2009; Morrissey & Franklin, 2015) that do not fully capture changes over time. Consequently, we lack a mechanistic understanding of the temporal dynamics in microbial succession and accompanying carbon cycling following saltwater intrusion.
The objective of this study was to investigate the influence of salinity on microbial communities and carbon cycling over time to better understand the ramifications of saltwater intrusion in wetland ecosystems. The microbial community response was assessed using both functional and phylogenetic marker genes to study shifts in prokaryotes, fungi, methanogens, and sulfate reducers over time scales ranging from 1 week to 1 year. These results were coupled with measures of microbial activity using extracellular enzymes and gas production assays to assess how changes in microbial community track with shifts in carbon mineralization.
| MATERIALS AND METHODS

| Experimental design
This research was conducted in the Pamunkey/York River System (Virginia, USA) at Cumberland Marsh Preserve (37°33'25.921" N, 76°58'52.053" W), a pristine tidal freshwater marsh (salinity < 0.5 PSU) dominated by obligate freshwater macrophytes (e.g., Peltandra virginica and Pontederia cordata), and Taskinas Creek (37°24'52.994" N, 76°43'9.156" W), a mesohaline (5-19 PSU) tidal marsh with salttolerant vegetation (e.g., Scirpus robustus and Spartina alterniflora).
We performed a transplant experiment wherein we enclosed intact soil cores from Cumberland, the "freshwater" site, in nylon mesh bags and relocated them downstream to Taskinas Creek (hereinafter referred to as the "saltwater" site). The experimental manipulation was initiated in May of 2015 by establishing a 10 × 15 m plot (subdivided into 1 × 1 m quadrats) in each wetland. A random number generator was used to select quadrats within each plot from which to collect cores; no quadrat was sampled more than once. After the removal of the loose plant material from the surface of the soil, cores (10 cm diameter × 5 cm depth) were collected and encased in nylon bags (500 µm mesh, 15 × 25 cm). Encased cores were reburied in their original location immediately and allowed to preincubate for 3 weeks. In total, we prepared 40 cores from the tidal freshwater site and 20 cores from the saltwater site. At the end of the preincubation period, cores were retrieved and assigned to one of three treatments for long-term field incubation: fresh control (freshwater cores incubated at the freshwater site), transplant (freshwater cores relocated to the saline site), and salt control (saltwater cores incubated at the saline site). Five cores of each type were sampled during low tide after 1 week, 1, 3 months, and 1 year of incubation. When transporting between sites or to the laboratory, soil cores were placed into a sealed airtight plastic bag and stored on ice.
| Soil characterization
Soil conductivity (Hach Pocket Pro+Multi 2, Loveland, CO, USA), pH, and redox (Laqua Act Portable pH/ORP/ION meter D-73, Irvine, CA, USA) were immediately measured upon return to the laboratory in the center of intact soil cores to minimize oxygen exposure. Soil was then homogenized, and a subsample (~20 g) was removed for determining moisture content (gravimetrically, 100°C for 72 hr), organic matter (OM; mass loss on ignition, 500°C for 5 hr), and C:N ratio (acidified with 0.10 M HCl, analyzed using a Perkin Elmer CHNS-O analyzer, Waltham, MA, USA). A subsample of soil was also archived for genetic analysis (~5 g, stored at −80°C). Porewater was collected by centrifugation (~40 g of wet soil, 1,500 × g for 15 min), filtered with a 0.22 µm pore-size mixed cellulose ester syringe filter, and stored at −20°C until it could be analyzed for NH The concentration of dissolved organic carbon (DOC) was also measured using these filtered water samples (Shimadzu TOC-V 5,000, Columbia, MD, USA). The remainder of the soil was stored at 4°C until enzyme activity and gas production assays were complete (within 1 week of collection).
| Extracellular enzyme activity
Soil slurries were prepared from approximately 1.0 g (±0.2) of wet soil with 100 ml of sterilized deionized water and sonicated (15 W for 2 min, Misonix Sonicator 3000, Farmingdale, NY, USA). Two hydrolytic enzymes, ß-1,4-glucosidase (BG, cellobiose →glucose) and 1,4-ß-cellobiohydrolase (CBH, cellulose → disaccharide), were measured fluorometrically using methylumbelliferone (MUB) labeled substrates with MES buffer (0.1 M, pH 6.1) following methods described in Morrissey, Berrier, Neubauer, and Franklin (2014) . The assays were preincubated for 4 and 1 hr, respectively, at 30°C in the dark prior to fluorescent reading at 360 nm excitation and 460 nm emission for 6 hr. Phenol oxidase (POX, lignin → oxidized lignin) was measured colorimetrically with L-3,4-dihydroxyphenylalanine (L-DOPA, 6.5 mM) substrate addition and sodium bicarbonate buffer (50 mM, pH 6.1) following methods described in Neubauer, Franklin, and Berrier (2013) . The POX assay was preincubated at 30°C for 30 min in the dark and was measured at 460 nm wavelength for 6 hr. Fluorescent and colorimetric readings were done on a Synergy 2 plate reader (Biotek, Winooski, VT, USA).
| Carbon mineralization potential
Anaerobic production of CO 2 and CH 4 was measured as described in Neubauer, Givler, Valentine, and Megonigal (2005) . Anaerobic conditions were maintained using an N 2 -filled glove box. Briefly, approximately 7.0 g (± 0.2) of homogenized soil was combined with 7.0 ml of deoxygenated site-specific porewater (filtered with GF/F and GF/C filters) in a 60 ml serum bottle; two technical replicates were prepared for each sample. Bottles were preincubated overnight at room temperature and thoroughly flushed the next morning with N 2 (15 min). Gas samples were then collected after 0, 8, 24, 36, and 48 hr by briefly vortexing the soil slurry, injecting 5 ml of N 2 , and immediately withdrawing 5 ml of gas from the headspace of each bottle. Concentrations of CO 2 and CH 4 were determined using a Shimadzu GC-14A gas chromatograph with methanizer and flame ionization detector (Shimadzu Scientific Instruments, Columbia, MD, USA). Rates were linear, with median r 2 > 0.96 (CO 2 ) and 0.91 (CH 4 )
| Genetic analyses
Prior to DNA extraction, soil samples (~0.5 g wet weight) were centrifuged (10,000× g, 1 min) and excess water was pipetted off. To help remove humic acids, each sample was then amended with 1.5 ml of EDTA (0.2 mM, pH 8.0), vortexed at low speed (15 min), and centrifuged (2,500× g, 10 min). The supernatant was discarded, and DNA was then extracted from the residual soil using the MoBio PowerSoil DNA Isolation Kit (Carlsbad, CA, USA) following manufacturer's instructions. Successful extraction was verified by agarose gel (1.0%) electrophoresis and ethidium bromide staining. The purity and concentration of the DNA was assessed using a NanoDrop ND-1000 (Thermo Scientific, Wilmington, DE, USA), and final extracts were stored at −20°C.
Quantitative PCR (qPCR) assays were used to assess the relative abundance of several microbial groups. Bacteria (eubacteria) and archaea were studied using the 16S rRNA gene with the EUB 338/ EUB 517 and the Arch 967F/Arch 1060R primer sets, respectively.
The assays followed the protocols outlined in Morrissey, Berrier, et al. (2014) cycles. Samples were purified with a bead clean procedure prior to being pooled and sequenced on Illumina MiSeq platform (Northern Arizona University's Environmental Genetics and Genomics Laboratory) using a 2 x 300 paired-end read. Prokaryotic and fungal sequence data are available on the MG-RAST server; 16 rRNA gene sequence are study "dang_SWI" and project id "mgp87211", the ITS sequences are study "dang_SWI_ITS" and project id "mgp87240".
| Statistical analyses
All data analyses were performed using R 3.2.0 (R core team 2015) with an α of 0.05. Gene abundance was log 10 transformed prior to statistical analyses. For CH 4 concentrations that were undetectable, values were estimated as half the value of detection limit Tukey's honestly significant difference post hoc test was used for pairwise comparisons.
Prokaryotic and fungal sequences were processed in MacQiime 1.9.1. Paired-end reads were joined (fastq-join) and quality filtered prior to analysis (Caporaso et al., 2010) . The 16S rRNA gene sequences were clustered into operational taxonomic units (OTUs) by 97% sequence identity using UCLUST against the Greengenes database version 13_8 (Edgar, 2010; McDonald et al., 2012) . The most abundant sequence for each OTU was aligned with the PyNAST algorithm (Caporaso et al., 2010) and then used to generate taxonomic assignments with the RDP classifier (Wang, Garrity, Tiedje, & Cole, 2007) . Similarly, fungal ITS sequences were clustered at 97% identity using UCLUST and taxonomy was assigned using the RDP classifier at an 80% confidence level. Both prokaryotic and fungal OTUs accounting for less than 0.005% of sequences were removed for enhanced quality filtering (Bokulich et al., 2013) . After filtering, median sequence depth was 17,165 and 16,581 reads per sample for the ITS and 16S rRNA genes, respectively. Prior to diversity analysis, samples were rarified to 11,532 reads per sample for the ITS gene and 6,296 for the 16S rRNA gene to retain as many samples in the analysis as possible. Weighted UniFrac distances (Lozupone & Knight, 2005) were calculated for prokaryotes. BrayCurtis distances were used for fungi. Distance matrices were calculated in QIIME and imported into R (Version 3.4.2, R core team 2017), where they were visualized using principal coordinates analysis (PCoA). Differences in community composition across treatments and time were assessed with PERMANOVA and Tukey's post hoc test. To investigate the relationship between CH 4 production and methanogens in the transplant treatment, the relative abundances of Methanocellales, Methanomicrobiales, and an unknown order also in Methanomicrobia were summed and regressed against the log 10 transformed CH 4 rates over time.
3 | RESULTS
| Soil parameters and porewater chemistry
Soil originating from the freshwater site had a higher OM content (overall mean for fresh and transplant (%): 35.3 ± 0.4; salt:
27.2 ± 1.4) and lower C:N and redox potential compared to the soil originally obtained from the saltwater site (Table 1) . Redox potential was significantly lower in the saltwater soils (−160 ± 18 mV) than soils of freshwater origin (freshwater and transplant: −78 ± 13 mV) (p < 0.001). Soil pH ranged from 5.1 to 6.9 with no consistent differences among treatments. Soil salinity and porewater chemistry were reflective of the host environment. Salinity was lower in the freshwater marsh (≤0.1 PSU) and higher in soils hosted at the saltwater marsh (salt and transplant). Porewater concentrations of NH were higher in soils hosted at the saltmarsh by approximately 11-fold, fivefold, and 65-fold, respectively. The concentration of DOC varied with both treatment and time (Table 1) .
| Extracellular enzyme activities
When freshwater soil was transplanted and exposed to saline conditions, enzyme activities decreased (Table 1 ). The effect of this treatment was significant for both BG and CBH, with an overall suppression of~30%. Though changes over time were not statistically significant, the suppressive effect after 1 year of exposure (69% for BG, 66% for CBH) was considerably greater than for 1 week (17% for BG, 41% for CBH). For POX, the effect of salinity was more modest (~10% overall) and the temporal pattern was reversed. The suppressive effect of salinity on POX was greatest following 1 month of exposure (20%) and nonexistent after 1 year.
| Carbon mineralization
Carbon mineralization was dominated by CO 2 production across all the treatments; however, methanogenesis was much more prevalent in the freshwater soils with average CO 2 :CH 4 ratios across all times in the fresh and salt treatments of 20 and 23,000, respectively.
Exposure to saltwater suppressed CH 4 production and enhanced CO 2 production, increasing the average CO 2 :CH 4 ratio to 5,100 in the transplant treatment. Overall, average potential rates of CH 4 production across all times were higher in the freshwater than in the saltwater soils by approximately 120-fold (Figure 1a ; Supporting Information Figure S1 ). Exposure to saline conditions suppressed CH 4 production in the transplant samples making them (6) 48 (3) 59 (7) 19 (3) Salt 52 (7) 81 (10) 27 (3) 18 ( 
| Microbial communities
For bacteria, fungi, and sulfate reducers, abundance was significantly lower in the freshwater controls compared to the saltwater soils. In contrast, abundances of archaea and methanogens were significantly higher in the freshwater soils. Salinity did not have an effect on abundance of most microbial groups (Table 1) , and transplanted soils continued to resemble the freshwater controls even after 1 year (e.g., Figure 2a ). The exception to this pattern was sulfate reducers, where modest increases in abundance relative to the freshwater controls were observed in the transplanted soils over time (Figure 2b) .
Soil prokaryotic communities were dominated by Proteobacteria (~34% 16S rRNA), Bacteroidetes (~12%), Acidobacteria (~7%), and Verrucomicrobia (~7%) across all treatments and times (Supporting Information Figure S2 ). Principal coordinate analysis (PCoA) was used to visualize the overall differences in community composition between the treatments over time (Figure 3a ; Supporting Information Figure S3 ). Microbial community composition in the freshwater controls was distinct from the saltwater controls. Time and treatment interactively regulated prokaryotic community composition (Weighted UniFrac, PERMANOVA: p-value = 0.03). Specifically, the transplanted communities changed significantly over time while the freshwater and saltwater controls did not. This change over time is manifest on the PCoA as a shift down on axis 3 (Figure 3a ). Following short-term exposure to elevated salinity (1 week-1 month), community composition in the transplant soils remained similar to the freshwater community; however, the community continued to change over time and after 1 year of exposure to saltwater a unique transitional community emerged. The relative abundance of certain taxonomic groups associated with the saltwater marsh increased (e.g., Deltaproteobacteria) and others associated with the freshwater environment decreased (e.g., Verrucomicrobia; one-way ANOVA within time: p ≤ 0.02). However, in general, the transplanted community did not become more similar to the saltwater controls over time as there was no shift to the right on PCoA axis 1 (Figure 3a) . In contrast to the clear effects of salinity on prokaryotic biodiversity, there was no apparent impact of salinity on the fungal (ITS2) community composition (Figure 3b ) (PERMANOVA: p-value = 0.09).
Across all treatments and times, fungal communities were dominated by a few relatively cosmopolitan classes, including Saccharomycetes, Eurotiomycetes, and Dothideomycetes (Supporting Information Figure S4 ). Ascomycota accounted for approximately 94% of fungal sequences across treatments. We found prokaryotic alpha diversity was significantly higher in the freshwater and transplanted community relative to the saltwater controls. Fungal alpha diversity did not differ by treatment or over time (Supporting Information Table S1 ).
| Methanogens and sulfate reducers
To better understand the effect of salinity on key functional groups, we analyzed taxa associated with methanogenesis and sulfate reduc- Exposure to the saline environment changed the porewater chemistry and soil salinity, suggesting that the transplant was able to mimic the effect of saltwater exposure. After approximately 1 year of elevated salinity exposure, we observed no change in either soil OM or C:N ratio (Table 1 ) but it may be that differences such as these only manifest with more prolonged saltwater exposure (e.g., Neubauer et al., 2013) . Exposure to saline conditions negatively affected enzyme activity (Table 1) . These findings are similar to other saltwater intrusion studies that have documented moderate decreases in enzyme activity (Jackson and Vallaire 2009; Neubauer et al., 2013) . Longer exposure to saltwater may result in larger decreases in enzyme activity due to changes in the chemistry of the soil carbon pool (Neubauer et al., 2013) , which is largely driven by plant litter input. The high-quality organic substrates in freshwater soils may be important in alleviating some of the adverse effects of salinity on the microorganisms and enzyme activities (Liang et al., 2003; Wichern, Wichern, & Joergensen, 2006) . The initial exposure to saltwater and accompanying increase in ionic strength may enhance the bioavailability of organic substrates and make organic particles more accessible for decomposition (Singh, 2016; Wong, Dalal, & Greene, 2008) . Salinity can also affect soil organic carbon lability and sorption dynamics that can influence the availability of carbon substrates (Mavi, Sanderman, Chittleborough, Cox, & Marschner, 2012; Mavi and Marschner 2017) for microbial metabolism.
These physicochemical changes resulting from exposure to saltwater in the transplant may cause a new pool of labile carbon to become available for microorganisms, and thus, the requirement to produce extracellular enzymes may be reduced in a nonresource limiting environment (Chróst 1991; Allison and Vitousek 2005) . These changes in soil physicochemical properties may explain why enzyme activity was moderately reduced in this study.
After 1 year of saltwater exposure, we observed a gradual shift in the prokaryotic community composition diverging from the freshwater control community (Figure 3a) . Given that salinity can be a major determinant of bacterial community structure and functional gene abundances (Franklin, Morrissey, & Morina, 2017; Lozupone & Knight, 2007; Morrissey & Franklin, 2015) , it is interesting to note that following 1 year of saltwater exposure, the community composition in the transplant soils was distinct from both the freshwater origin and saltwater host community composition, which suggests a new successional population that has yet to be stabilized. The changes in water chemistry and increase in salinity were likely detrimental to many freshwater-adapted organisms as survival in saltwater requires specific metabolic and physiological adaptions for microbial survival (Dupont et al., 2014; Shen, Jürgens, & Beier, 2018) . To date, there have been few studies on secondary succession following press disturbances in microbial ecology (Ferrenberg et al., 2013; Lee, Sorensen, Grady, Tobin, & Shade, 2017; Zhou, Wang, Jiang, & Luo, 2017) . Our results suggest that microbial succession following saltwater intrusion not may proceed on a direct path from a community characteristic of freshwater environments to one characteristic of saltwater environments. Instead, succession may lead to the development of unique transitional communities characterized by microbial taxa uncommon in both undisturbed fresh and salt environments (Figure 4a ).
In coastal marshes, the contribution of fungi to decomposition is understudied. In part, this may reflect lower fungal diversity in wetlands than terrestrial habitats due to physiological constraints of submersion in water (Shearer et al., 2007) . The low fungal diversity (Supporting Information Figure S3 ) and abundance (Figure 2 ) in comparison with the prokaryotic community do suggest that decomposition in our soils was largely driven by prokaryotes. Approximately 60% of the relative abundance of all genera across treatments consisted of Saccharomyces, Penicillium, and Aspergillus (Supporting Information Figure S3 ). These genera are saprotrophic fungi and are important in the decomposition of organic matter in acidic environments such as peatlands (Thormann & Rice, 2007) . Furthermore, members within Penicillium and Aspergillus exhibit a wide range of cellulolytic activity (Mazen 1973; Abdel-Hafez, Maubasher, & Abdel-Fattah, 1978) . Studies on fungal community in wetlands have often focused on the role of fungi in the decomposition of standing plant litter and decaying detritus (Buchan et al., 2003; Kuehn, Lemke, Suberkropp, & Wetzel, 2000; Kuehn, Ohsowski, Francoeur, & Neely, 2011) . We are one of a small number of studies that have examined fungi in coastal wetland soils (Mohamed & Martiny, 2011; Wu et al., 2013) . To our knowledge, the effects of saltwater intrusion on wetland soil fungal communities have never before been studied. We did observe an overall higher fungal abundance in the salt control soils, but in contrast with the prokaryotic community, there were no trends in fungal community composition associated with salinity ( Figure 3b ).
Saltwater increased CO 2 and decreased CH 4 production similar to several other salinity manipulation studies (Chambers, Reddy, & Osborne, 2011; Marton, Herbert, & Craft, 2012; van Dijk et al., 2015; Weston et al., 2006) . Sulfate concentration in the transplant soils ranged from 10.9 to 18.6 mM; similar concentrations of sulfate have been shown to inhibit methanogenesis in past studies (Chambers et al., 2011; DeLaune, Smith, Patrick, & W. H., 1983) . While CH 4 production did decrease in our transplanted soils compared to the freshwater control soils, on average, CH 4 production rates were higher in the transplant than in the salt controls. The trend observed, increased CO 2 and decreased CH 4 production rates, is often associated with shifts in the terminal step of decomposition from methanogenesis to sulfate reduction. However, functional genes (mcrA and dsrA) responsible for these processes were largely unaffected by exposure to saltwater (Figure 2) . The relationship between functional gene abundance and process rates is complex and often does not correlate (Rocca et al., 2015) . Even though we did not observe major changes over time in the functional gene abundance of methanogens and sulfate reducers, the change in the relative abundance of different members within the community (discussed below) provided more insights into how increased salinity and sulfate alter these metabolic pathways in freshwater ecosystems (She, Zhang, Cadillo-Quiroz, & Tong, 2016) .
Rates of CO 2 production increased with elevated salinity. Within 1 month, CO 2 production in the transplant soils reached levels comparable to the saltwater soils (Figure 1b) . Although enzyme activity is theorized to be the rate-limiting step in microbial mediated OM decomposition (DeLaune & Reddy, 2008) , there was a disconnect between the reduced rates of enzyme activity and enhanced carbon mineralization observed in this study. Changes induced by salinity on soil chemistry can also influence rates of decomposition, which may better explain the contrasting result in enzyme activities and decomposition rates (as discussed above). In comparison to the freshwater control, the transplanted soils had higher DOC concentrations (Table 1) . Plus, the increase in terminal electron acceptors introduced by saltwater may facilitate an increase in carbon mineralization despite a moderate decrease in enzyme activity. Furthermore, salinity stress on the soil microorganisms can lead to increased microbial cell death, thus providing another source of available labile organic molecules (Singh, 2016) . While these changes may explain the initial increase in carbon mineralization rates, changes in the microbial community structure associated with saltwater intrusion may explain the sustained increase in CO 2 production.
Considering respiration and enzyme production are performed by many different microbial populations, linking changes in these microbial processes with community composition are challenging. Some studies have documented a tight association between community composition and activity (Balser & Firestone, 2005; Morrissey, Gillespie, et al., 2014) , and other studies have demonstrated functional changes without accompanying changes in community composition in response to environmental change (Bond-Lamberty et al., 2016) .
The rapid response we documented in microbial activity without detectable changes in the community composition may suggest a degree of microbial metabolic plasticity to the initial exposure to saltwater. However, the changes in the community composition that developed gradually over time indicate that the microbial community is not resistant to saltwater exposure (Figure 3a) . We observed a change in the relative abundance of multiple taxonomic groups (e.g., α-Proteobacteria, ε-Proteobactria, and Verrucomicrobia) (Supporting Information Figure S1 ) potentially indicating a shift in anaerobic carbon processing. Thus, these shifts in community composition may alter the diversity and supply of substrates used by sulfate reducers and methanogens.
In the transplanted soils, our results suggest that methane production was closely tied to microbial community composition (similar to Morrissey, Berrier, et al., 2014) and heavily dependent on community successional dynamics. Specifically, the moderate recovery in CH 4 production in the transplant (Figure 1a ) was tightly correlated with the increases in relative abundance of three methanogen groups over time:
Methanocellales, Methanomicrobiales, and an unclassified Methanomicrobia ( Figure 5a ). These three groups of methanogens were absent in the salt soils and remained at very low relative abundance in the fresh DANG ET AL.
| 557 control soils suggesting abiotic or biotic factors following saltwater intrusion favor these taxa. In past studies, where CH 4 production was unaffected or increased in response to salinity manipulation (Edmonds et al. 2009; Weston et al., 2011; Vizza, West, Jones, Hart, & Lamberti, 2017) , it has been suggested that shifts in the methanogen communities occurred to favor methanogens that are able to utilize low molecular weight organic compounds such as methanol or methylamines to avoid competition and co-occur with sulfate reducers in sulfate rich marine environments (Liu & Whitman, 2008; Oremland & Polcin, 1982; Oremland & Taylor, 1978) . Our results do not support this hypothesis, since the methanogens we found to increase following saltwater exposure and correlate with methanogenesis are likely hydrogenotrophic.
Specifically, members of the taxonomic groups Methanomicrobia, Methanocellales, and Methanomicrobiales utilize H 2 /CO 2 for CH 4 production (Garcia, Ollivier, & Whitman, 2006) . As such, these methanogens are likely to be in direct competition with hydrogenotrophic sulfate reducers (Ollivier, Caumette, Garcia, & Mah, 1994) . In our study, the reduction and subsequently the recovery in CH 4 production may be due to an inhibition of methanogens that dominated the freshwater environment and growth of previously rare methanogenic taxa better (Greene, 2014) . In contrast, members of the family Desulfobacteraceae have been found to utilize H 2 /CO 2 for sulfate reduction (Kuever, 2014) and thus could be in competition with methanogens.
One possible explanation for concurrent increases in presumably competing groups of methanogens and sulfate reducers is an abundance of carbon substrates. Under conditions where electron donors (carbon substrates) are not limited, both methanogenesis and sulfate reduction pathways can proceed (Mitterer, 2010; Weston et al., 2011) . We hypothesized that the exposure to saltwater may have liberated previously unavailable carbon substrates (as discussed above) and caused a shift in bacterial community composition toward fermentative microorganisms more adapted to saline conditions that may take advantage of abundant organic substrates. This is supported by an increase in the relative abundance of Syntrophobacteraceae in the transplanted soil over time. Members found within this family are known to be secondary fermenters and oxidize propionate and butyrate via syntrophic interaction with hydrogenotrophic methanogens (Schink, 1997; Sorokin et al., 2016; Wegner & Liesack, 2016) . Since both methanogens and sulfate reducers are slow-growing microorganisms, a buildup of fermentation byproducts may permit the coexistence of both groups following saltwater intrusion. Taken together, we found sulfate-reducing, methanogenic, and fermentative groups that were rare or absent in the fresh and saltwater control communities increased over time in the transplanted soils, indicating the development of a unique transitional community with implications for soil CH 4 production.
In conclusion, the findings of this study indicate that saltwater can dramatically affect microbial community structure and metabolism, which could impair the function of these ecosystems as a carbon reservoir. The magnitude of changes in these processes is likely dependent on the complex interaction among soil, microbial community, geomorphology, and the length of saltwater exposure. Our findings demonstrate that exposure to saltwater resulted in both immediate and gradual changes in microbial activity. Although previous studies have suggested that the increase in sulfate availability will cause a rapid shift from methanogenesis to sulfate reduction, we found that changes in both abundance and composition of methanogens and sulfate reducers are actually much slower. The progressive responses in both community composition and activity over time may offer some explanation for inconsistency in carbon mineralization rates across other saltwater intrusion studies that do not capture temporal dynamics. Overall, we found that a unique transitional community emerged with unique functional profile: CO 2 production was greater than the freshwater, and CH 4 production was greater than the saltwater. Although saltwater marshes can sequester large amounts of carbon and have lower CH 4 emission than their freshwater counterparts, the transition from freshwater to saltwater marsh may take years to decades. During this transitional period in both the community composition and carbon biogeochemistry, these ecosystems may exhibit enhanced greenhouse gas production through increases in soil respiration and continued methanogenesis.
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